A novel bacterial strain, designed Q4-3 T , was isolated from a soil sample obtained from Qilian grassland, Qinghai, China.
The genus Paenibacillus, a member of family Paenibacillaceae, was initially proposed by Ash et al. [1] on the basis of analysis of the 16S rRNA gene sequences of the members of 'group 3' bacilli. At the time of writing, the genus comprises more than 200 species (http://www.bacterio.net/paenibacillus.html). Most members of the genus Paenibacillus are aerobic or facultatively anaerobic, spore-forming, rod-shaped bacteria, possessing menaquinone 7 (MK-7) as the major menaquinone and anteiso-C 15 : 0 as the major cellular fatty acid [1, 2] . Several of the characterized strains have useful enzymic activities; for example, Paenibacillus sp. JDR-2 produces xylanase and is able to utilize hemicellulosic polysaccharides [3] . Species of the genus Paenibacillus have been isolated from a wide range of environmental habitats including soil [4, 5] , water [6, 7] , sediment [8] , plant [9] , clinical samples [10] , food [11] and patients [12, 13] . In this paper, we describe a bacterial strain, designated Q4-3 T , isolated from grassland soil of Qinghai, and based on a taxonomic study using a polyphasic approach, we show that the strain represents a novel species of the genus Paenibacillus.
Strain Q4-3
T was isolated from a soil sample collected from Qilian grassland, Qinghai Province, China (37 59¢ 5 † N 100 49¢ 30 † E). The collected soil sample (5 g) was suspended in 45 ml sterile water and stirred for 30 min. Soil particles were allowed to sediment, the liquid was spread by the standard dilution-plating technique on starch casein medium (containing 10 g soluble starch, 0.3 g casein enzymatic hydrolysate, 2 g KNO 3 , 0.05 g MgSO 4 , 2 g K 2 HPO 4 , 0.02 g CaCO 3 , 10 mg FeSO 4 and 20 g agar per litre of distilled water, pH 8.0). After 3 days of incubation at 28 C, representative colonies were picked and purified by streaking repeatedly. The isolate designated as strain Q4-3 T was routinely cultured on tryptone soya broth agar (TSA) media for additional taxonomic experiments and preserved as both TSA medium slants at 4 C and suspensions with 20 % (v/v) glycerol at À20 C. To characterize strain Q4-3 T , the identification was performed based on the proposed minimal standards described by Logan et al. [14] . Biomass for taxonomic study was prepared by growing the strain in shake flasks of tryptic soy broth (TSB) at 28 C for 3 days. Cells were harvested by centrifugation and freeze-dried before use in certain chemotaxonomic studies. Paenibacillus odorifer JCM 21743 T , Paenibacillus typhae DSM 25190 T , Paenibacillus borealis DSM 13188 T and Paenibacillus etheri DSM 29760 T were used as the reference strains for physiological and biochemical studies and fatty acid analyses.
For 16S rRNA gene sequencing and phylogenetic analysis, extraction of genomic DNA, PCR amplification and sequencing of the 16S rRNA gene were carried out as previously described [15] . Identification of the closest phylogenetic neighbours and similarity calculations were determined based on the EzTaxon-e database [16] . The sequence of the 16S rRNA gene of the novel strain was aligned with those of closely related species by using CLUSTAL X 2.0 software [17] . Phylogenetic trees were reconstructed with neighbour-joining [18] , maximum-likelihood [19] and maximum-parsimony [20] methods using the program MEGA 6.0 [21] , with bootstrap values based on 1000 replications. Evolutionary distances were estimated by the algorithm of Kimura's twoparameter model [22] Fig. 1 . It was obvious that strain Q4-3 T was a member of the genus Paenibacillus and clustered with some related species but represented a distinct species. The same results were obtained with phylogenetic reconstructions using maximum-likelihood and maximum-parsimony methods (Figs S1 and S2, available in the online Supplementary Material). Subsequently a 321-bp fragment of the gene nifH was amplified using two degenerate primers [forward 5¢-GGCTGCGATCC(CGA)AAGGCCGA (CT)TC(CGA)ACCCG-3¢ and reverse 5¢-CTG(GCA) GCCTTGTT(CT)TCGCGGAT(CG)GGCATGGC-3¢] for the nitrogenase Fe protein gene and was then sequenced [23] . Sequences were aligned and a phylogenetic tree was reconstructed using the neighbour-joining method as described above for the 16S rRNA gene. Phylogenetic analysis based on nifH gene sequences revealed that strain Q4-3
T clustered with species of the genus Paenibacillus, like the type strains of P. odorifer, P. graminis and P. sabinae (Fig. S3) . The acetylene reduction assay [24] for nitrogenase activity was used to test on nitrogen-free medium: 10 g sucrose, 5 g malate, 0. ), which was classed as exhibiting weak nitrogenase activity [25] .
Colonial properties were examined after 2 days growth at 28 C on TSA. The Gram reaction was performed as described by Gerhardt et al. [26] . Cell morphology and endospore formation were observed by light microscopy (BH-2; Olympus), with cells grown for 3 days at 28 C on 1/2 TSA supplemented with 50 mg l À1 MnSO 4 . Cell motility was determined by observing the growth spread of cells in test tubes containing semi-solid TSA medium (with 0.75 % agar). Flagella were observed using transmission electron microscopy (JEM-1400; JEOL) after incubation for 18 h at 28 C. Growth was assessed at different temperatures (4, 10, 25, 28, 30, 38 and 45 C) and at various pH values (pH 5.0-11.0, at intervals of 0.5 pH unit) by using the appropriate biological buffers [27] in TSB medium after incubation for 5 days. Salt tolerance was tested after incubation for 5 days at 28 C in TSB prepared according to the formula of the standard medium except that NaCl was omitted and the medium was supplemented with 0-5 % (w/v) NaCl (at 0.5 % intervals). Oxidase activity was determined using 1 % (w/v) tetramethyl-p-phenylenediamine, and catalase activity was determined by the production of oxygen bubbles with 3 % (v/v) H 2 O 2 . Methyl red and Voges-Proskauer tests and assays for nitrate and nitrite reduction, hydrolysis of casein, gelatin, starch and Tweens 20 and 80, and citrate utilization were performed according to described methods [26] . An anaerobic growth test [28] was performed on nutrient agar medium (NA) with 1 g pyrogallic acid and 2 ml 10 % NaOH in the plate, which was then sealed with vaseline and growth detected for up to 7 days. Acid production from carbohydrates was tested by using the API 50CH system (bio-M erieux). Enzyme activity was carried out with the API ZYM system (bioM erieux) and other physiological and biochemical tests were performed with the API 20NE system (bioM erieux) according to the manufacturer's instructions. Susceptibility to antibiotics was determined by the disc-diffusion method on TSA medium after incubation at 28 C for 7 days.
Colonies of strain Q4-3 T on TSA were moist, circular, convex, opaque, tinted white, glossy with entire margins and 1.0-1.5 mm in diameter. Strain Q4-3
T was Gram-stainpositive, facultatively anaerobic, rod-shaped and ellipsoidal swollen sporangia was formed in the subterminal region of the cell (Fig. S4 ). Cells were determined to be motile by using peritrichous flagella (Fig. S5) . Strain Q4-3
T was able to grow at 4-37 C (optimum 28-30 C), at pH 6.0-10.0 (optimum pH 7.5) and with 0-3 % (w/v) NaCl (optimum 1 %). A comparison of selective characteristics with other closely related species is shown in Table 1 . Strain Q4-3 T could be separated from its closest phylogenetic neighbours, P. odorifer JCM 21743 T , P. typhae DSM 25190 T , P. borealis DSM 13188 T and P. etheri DSM 29760 T , using phenotypic characteristics. In contrast to these type strains, only strain Q4-3 T was negative for acid production from turanose and esterase lipase and acid phosphatase activities. Strain Q4-3 T could be distinguished from its closest phylogenetic relative P. odorifer JCM 21743 T in that it was positive for oxidase activity, hydrolysis of starch, acid production from xylitol and assimilation of D-mannitol, and negative for catalase activity. Strain Q4-3 T differed from P. typhae DSM 25190 T in its inability to grow at 40 C and the novel strain was positive for acid production from mannose, D-ribose and D-adonitol. In addition, strain Q4-3 T could be differentiated from P. borealis DSM 13188 T in that it was unable to hydrolyse casein and produce acid from D-sorbitol. The major difference between strain Q4-3 T and P. etheri DSM 29760 T was that the novel strain was positive for assimilation of D-glucose and negative for assimilation of capric acid. Other physiological and biochemical characteristics of strain Q4-3 T are summarized in the species description.
For determination of fatty acid composition, strain Q4-3 T and the reference strains were incubated on TSA medium for 48 h at 30 C. Fatty acid methyl esters were extracted and analysed according to the standard protocol of the Sherlock Microbial Identification System (MIDI Sherlock software package, version 6.0; Agilent 6890 N), the database used was TSBA6 [29, 30] . Isoprenoid quinones were extracted, purified and analysed as described by Collins [31] using reversed-phase HPLC. The cell-wall diaminopimelic acid type was determined by TLC on cellulose plates according to Schumann [32] . Polar lipids were extracted from 100 mg freeze-dried cell material and examined by two-dimensional TLC followed by spraying with molybdenum blue, 
Acid production from: ninhydrin, molybdophosphoric acid and a-naphthol reagents according to Minnikin et al. [33] .
The cellular fatty acids profiles of strain Q4-3 T and type strains of closely related members of the genus Paenibacillus are shown in Table 2 . Anteiso-C 15 : 0 , the major fatty acid in recognized members of the genus Paenibacillus, was also the major fatty acid component of strain Q4-3 T (55.5 %). Other main fatty acids were iso-C 16 : 0 (14.5 %) and C 16 : 0 (13.3 %), which were typical for members of the genus Paenibacillus. Moreover, small amounts (<1 %) of anteiso-C 13 : 0 , C 17 : 0 , C 18 : 0 , C 18 : 1 !9c and C 16 : 1 !11c were detected. Iso-C 16 : 0 and anteiso-C 17 : 0 were fatty acid components more abundant in strain Q4-3 T than in other closely related species of the genus Paenibacillus, whereas the amounts of iso-C 15 : 0 and iso-C 14 : 0 in strain Q4-3 T were less than in closely related members of the genus as shown in Table 2 . There were less unsaturated components (<1 %) in strain Q4-3 T compared with other related species, which clearly differentiated the novel strain from other closely related species. Thus, the majority of the cellular fatty acid composition of strain Q4-3
T was similar to those of the reference species, though some fatty acids had differences in the proportions. The predominant isoprenoid quinone of strain Q4-3
T was menaquinone with seven isoprene units (MK-7), in agreement with all other members of the genus Paenibacillus. Strain Q4-3 T contained meso-diaminopimelic acid as the major diamino acid. The polar lipid pattern of strain Q4-3 T consisted of diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, three unidentified aminophospholipids and one unidentified lipid (Fig. S6) . This profile supported the fact that strain Q4-3 T belongs to the genus Paenibacillus [34] .
Genomic DNA was extracted and purified according to the procedure of Marmur [35] after disruption of cells using the liquid nitrogen grounding method. The G+C content of the genomic DNA was detected by means of the reverse-phase HPLC method [36] with the lDNA (G+C mol%=49.858 %) as the standard reference. The genomic DNA G+C content of strain Q4-3 T was 48.6 mol%, which lies within the range reported for the genus Paenibacillus (39-54 mol%; [37] ). DNA-DNA hybridization was carried out based on the liquid renaturation method [38, 39] (Perkin Elmer Lambda35UV/VIS spectrophotometer) using a Peltier digital temperature control system. Every hybridization experiment was performed with five replications; the highest and lowest values obtained were excluded and the mean of the remaining three values is quoted as the DNA-DNA relatedness value. The DNA-DNA relatedness values of strain Q4-3 T with Paenibacillus odorifer JCM 21743 T , Paenibacillus typhae DSM 25190 T and Paenibacillus borealis DSM 13188 T were 48.9, 44.2 and 39.1 %, respectively, which were below the recommended criterion of 70 % for species delineation in the genus Paenibacillus [40] . The G+C content and DNA-DNA hybridization values were supportive of the conclusion that strain Q4-3 T represented a novel species within the genus Paenibacillus.
On the basis of phylogenetic results, unique phenotypic characteristics, chemotaxonomic analyses and molecular data, it is proposed that strain Q4-3 T represents a novel species of the genus Paenibacillus, for which the name Paenibacillus albidus sp. nov. is proposed.
DESCRIPTION OF PAENIBACILLUS ALBIDUS SP. NOV.
Paenibacillus albidus (al¢bi.dus. L. masc. adj. albidus somewhat white).
Cells are Gram-stain-positive, facultatively anaerobic, motile rods (0.8-1.0Â4.0-4.5 µm) with peritrichous flagella and occur singly or in short chains. Cells form subterminal endospores in swollen sporangium. Tinted white, round, smooth, convex, opaque colonies (1.0-1.5 mm in diameter) are produced on TSA after 2 days at 28 C. Growth occurs at 4-37 C (optimum 28-30 C), at pH 6.0-10.0 (optimum pH 7.5) and with 0-3 % (w/v) NaCl (optimum 1 %). Acetylene is weakly reduced to ethylene and the nifH gene is present. Positive for oxidase activity, methyl red reaction and nitrate reduction, but negative for catalase activity, VogesProskauer test and citrate utilization assay. Starch is hydrolysed, but Tween 80, Tween 20, gelatin and casein are not. The type strain, Q4-3 T (=CGMCC 1.16134 T =KCTC 33911 T ), was isolated from a soil sample collected from Qilian grassland, Qinghai province, PR China. The DNA G+C content of the type strain is 48.6 mol%.
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